OBJECTIVE: Although many twin and adoption studies document genetic in¯uence on individual differences in weight, much less is known about genetic in¯uences on overweight, about the genetic links between weight and overweight, or about the origins of weight and overweight in childhood, an age that might provide a good target for prevention of obesity. We tested the hypothesis that, in early childhood, overweight is as heritable as weight and that weight and overweight are linked genetically. DESIGN: Model-®tting analyses were used to compare monozygotic (MZ) and dizygotic (DZ) twins (same-sex and oppositesex) for weight and overweight. SUBJECTS: The sample included 3636 4-y-old twins born in the UK in 1994. MEASUREMENTS: Heights and weights reported by parents were used to assess weight corrected for height, which yields results similar to body mass index (BMI) but corrects more completely for genetic effects on height. RESULTS: At 4 y of age, genetic factors contributed substantially both to individual differences in weight throughout the distribution and to the mean weight difference between overweight children and the rest of the population. Unlike results later in life, weight and overweight in 4-y-olds also suggest substantial shared family environmental in¯uence. Results are similar for boys and girls. CONCLUSIONS: Overweight is the quantitative extreme of genetic and environmental factors responsible for normal variation in weight in childhood. Genes associated with overweight are likely to be associated with variation in weight throughout the distribution, as assumed by quantitative trait locus (QTL) theory. These ®ndings linking weight and overweight in childhood have far-reaching implications for molecular genetic attempts to identify speci®c genes responsible for genetic in¯uence, for investigating pathways between genes and behaviour, and for intervention and prevention.
Introduction
It is often assumed in the media that individual differences in weight are attributable to factors such as eating habits, lack of exercise and self-control and that these factors are environmental in origin. However, twin and adoption studies in adulthood consistently lead to the conclusion that genetic factors account for the majority (about 70%) of the variance of weight. 1 The rest of the variance is environmental but here too there is a surprise. Despite the commonly held assumption that overweight is caused by lifestyle habits that are learned early in life and therefore shared by children growing up in the same family, in fact such shared environmental in¯uences appear to be of negligible importance in adulthood. A direct test of the importance of shared environment is the correlation between genetically unrelated (ie adoptive) family members. For weight adoptive`siblings' correlate 0.01 and adoptive parents and their adopted children correlate 0.00. 2 However, with just two exceptions, 3 previous genetic studies have investigated individual differences in weight throughout the distribution rather than overweight or obesity. This is an important distinction because genetic and environmental factors responsible for overweight can differ from genetic and environmental factors responsible for the normal range of variation. 4 We are aware of only two twin studies, both involving adults, that analysed overweight twins. 3 Using the ®fth percentile as a selection criterion in a US study of 4071 male twin pairs, twin concordances were 57% for monozygotic (MZ) twins and 27% for dizygotic (DZ) twins. Although no formal model-®tting analyses were conducted, this pattern of twin concordances suggests that results for overweight are similar to those consistently found for the normal variation in weight: substantial genetic in¯uence and little shared environmental in¯uence because MZ resemblance is nearly twice as great as DZ resemblance as explained later. However, the sample was limited to men who were in the armed forces and obese men were screened out at induction. Nonetheless, roughly similar results emerged from a Swedish study of 12 556 same-sex male and female twin pairs using the seventh percentile as a selection criterion. 3 MZ and DZ concordances were 45 and 24%, respectively, for males and 54 and 31% for females. These data were reported in an appendix including hundreds of measures and no analyses were reported. The only other study of overweight twins analysed individual differences among overweight twins rather than analysing the difference between the overweight group and the population. 5 This is a problem because the question is not why one obese person differs slightly in weight from another obese person but rather why obese persons as a group are so much heavier than the rest of the population.
Even if the heritability of overweight and the heritability of weight are both substantial, this does not necessarily imply that the same genetic factors are responsible for overweight and weight. Understanding the genetic links between the normal and abnormal is a key issue for research on the origins of obesity in general and especially for molecular genetic attempts to identify speci®c genes responsible for their heritability. This is, to what extent does overweight or obesity represent the quantitative extreme of the same genetic and environmental factors responsible for normal variation in weight? A quantitative genetic technique called DF extremes analysis, named after its creators, 6, 7 broaches this issue by assessing relatives of selected probands on a quantitative measure rather than merely assessing concordance for a qualitative diagnosis. We are not aware of previous research using DF extremes analysis to address the extent to which normal variation in weight is linked genetically to overweight or obesity. The hypothesis that overweight represents the quantitative extreme of the same genetic and environmental factors responsible for normal variation in weight follows from quantitative trait locus (QTL) theory. 4 QTL theory suggests that genetic in¯uence on common complex traits such as weight is likely to be due to multiple genes of varying effect size. If multiple genes are involved, weight is likely to be distributed quantitatively as a dimension and overweight is likely to be the extreme of the same distribution rather than representing an aetiologically distinct disorder.
Although it is likely that the origins of obesity in most cases lie in childhood, 8 ± 10 it cannot be assumed that genetic results in childhood will be the same as in adulthood. Understanding the early genetic and environmental origins of overweight could facilitate interventions aimed at preventing obesity before it casts its long and wide shadow over subsequent development. For these reasons, we investigated the issues of heritability of weight and overweight and their genetic links in a large population-based sample of 4-y-old twins. In line with previous research, we expected to ®nd substantial genetic in¯u-ence on weight. Although no solid genetic data are available for overweight, QTL theory leads to the hypotheses that overweight will also show substantial genetic in¯uence and that overweight represents the quantitative extreme of genetic and environmental factors responsible for weight within the normal range.
Methods

Sample
The sampling frame for the present study consisted of all twins born in England and Wales in 1994. The sample was taken from the Twins Early Development Study (TEDS) which has been shown to be representative of UK families with young children in relation to parental education and occupation (for details see Dale et al 11 ) . For example, 31% of mothers in TEDS had A-levels whereas for the age-weighted 1996 UK General Household Survey census data 32% had Alevels. After excluding twin pairs with birth, medical, zygosity or data problems, 11 our sample included 3636 children in 1818 twin pairs: 608 identical (MZ) pairs, 623 same-sex nonidentical (DZ) pairs, with approximately equal numbers of boys and girls, and 587 opposite-sex DZ pairs. Selecting the top 5% of twins using weight corrected for height (see below) yielded 58 MZ twin probands and 65 DZ twin probands in 41 MZ twin pairs and 53 DZ twin pairs. Parents provided written consent at each stage of the study for their twins and themselves to take part in TEDS and they were given the option to withdraw from the study at any time. Ethical approval was granted from the Institute of Psychiatry Research Ethical Committee (no. 183a94).
Measures
Near the twins' fourth birthday, parents of twins reported their children's weight and height. Zygosity information was obtained from a parent-report questionnaire which we have shown in this sample to be 95% reliable when compared to zygosities as assigned by DNA markers. 12 DNA markers were used to diagnose zygosity for the 5% of the same-sex twins whose zygosity could not be assigned with certainty using the parent-report questionnaire.
Analyses
Weight was corrected for height using standardised residuals from the regression of height on weight. Although twin Weight and overweight in 4-y-old twins G Koeppen-Schomerus et al analyses conducted using body mass index (BMI) yielded similar results, weight corrected for height assures that weight is independent of height for our genetic analyses of weight. (BMI correlates 7 0.21 with height in our sample.) Weight corrected for height is hereafter referred to as weight. Weight refers to the entire distribution including overweight children in the top 5% of the distribution.
Details concerning the following behavioural genetic analyses described below can be found elsewhere. 13 
Individual differences in weight
The twin method is a quasi-experimental design that compares the resemblance between MZ twins, who are genetically identical because they derive from the same fertilised egg, and DZ twins, who are 50% similar genetically because they derive from two separately fertilized eggs. Half of DZ twin pairs are the same sex and half are opposite sex, whereas MZ twins are always the same sex. The twin method implicates genetic in¯uence to the extent that MZ twins are more similar for a trait than are DZ twins. Heritability, a statistic that indexes the size of the genetic effect, refers to the proportion of phenotypic (observed) variance that can be attributed to genetic variation. Doubling the difference between the correlations for MZ and DZ twins provides a rough approximation to heritability, because MZ twins are twice as similar genetically as DZ twins. The remainder of phenotypic variance can be attributed to two types of environmental in¯uence called shared environment which makes family members similar, and non-shared environment which makes family members different. Twin within-pair similarity for the phenotype is assumed to be due to genetic factors plus common or shared environment factors. Shared environment can be estimated as the extent to which heritability is less than the MZ correlation. Non-shared or unique environment is a residual term that includes environmental factors that make members of a family different from one another and error of measurement.
In practice, structural equation model-®tting analyses of varianceacovariance matrices rather than simple comparisons of twin correlations are used to estimate genetic and environmental parameters and to provide con®dence intervals for these estimates. 14 The ACE model ( Figure 1 ) estimates parameters for additive genetic variance (A), common or shared environment (C), and environmental in¯uences that are not shared (E). The model assumes that genetic effects are additive and that MZ and DZ twins experience equally similar environments. 13 
Differences between weight and overweight in children
Children in the top 5% of the distribution of weight were selected and compared to the rest of the sample. This design makes it possible to apply DF extremes analysis 6, 7 in order to assess the extent to which genetic and environmental factors that affect the extreme of the distribution also affect a measured quantitative trait that indexes normal variation throughout the distribution. For twin pairs in which at least one member of the pair was in the ®fth pecentile in weight, proband-wise concordances were computed for MZ and DZ twins. However, twin concordances only provide a rough index of genetic and environmental in¯uence on overweight de®ned as a dichotomous disorder. Rather than assigning a dichotomous diagnosis (ie overweight or not) to the twin partners (co-twins) of the probands and assessing concordance, DF extremes analysis addresses the aetiology of the links between the normal and abnormal by incorporating quantitative trait scores of the co-twins of probands. The essence of DF extremes analysis is that if the mean weight difference between the probands and the population is due to genetic factors, co-twins of MZ probands will be heavier than co-twins of DZ probands (see Figure 2) . This difference is used to estimate what is called`group heritability' to distinguish it from the usual heritability estimate which refers to differences between individuals rather than to mean differences between groups. DF extremes analysis can yield evidence for genetic in¯uence only to the extent that the quantitative trait is genetically linked to the disorder, that is, to the extent that the same genes affect the disorder and the dimension. However, showing group heritability for a quantitative trait measure and showing that group heritability is similar to the usual individual differences heritability does not unequivocally prove that the same genes are responsible for the disorder and the dimension. For example, a rare mutation with a major effect might be over-represented in the extreme group but account for little variation in the normal range. DF extremes analysis is conceptually similar to the liability-threshold model which is often used to analyse dichotomous data such as twin concordances for a disorder. The major difference is that the liability-threshold model assumes a continuous dimension even though a dichotomous disorder has been assessed. The liability-threshold Weight and overweight in 4-y-old twins G Koeppen-Schomerus et al analysis uses tetrachoric correlations to convert dichotomous diagnostic data to a hypothetical construct of a threshold with an underlying continuous liability. In contrast, DF extremes analysis assesses rather than assumes a continuum. 15 For DF extremes analysis, weights corrected for height were standardised and transformed to adjust for group mean differences between MZ and DZ groups. The basic DF model is represented as the regression, C B 1 P B 2 R A, in which cotwin's score (C) is predicted from proband's score (P) and the coef®cient of relatedness (R), which is 1.0 for MZ and 0.5 for DZ pairs. Because the proband mean is transformed to a mean of 1.0 and the unselected population to a mean of 0.0, the mean of the cotwin's score for MZ and DZ twins estimates their`group familiality'. The regression weight B 2 estimates`group heritability'.`Group shared environment', twin resemblance not explained by genetic factors, can be estimated by subtracting group differences heritability from MZ group differences familiality. The analyses were conducted using a double-entered dataset such that both members of a twin pair could be selected as probands. Table 1 compares the overweight and normal weight groups for uncorrected weight, for mother's self-reported weight, age, and education, and for father's occupation. The weight of the children in the top 5% of the distribution is about 2.2 s.d. ( mean s.d.; minimum 1.7; maximum 4.2) above the population mean. Mother's weight of the overweight children is about 0.5 s.d. above the population mean. The two groups do not differ signi®cantly in maternal age, maternal education or paternal occupation (P`0.01).
Results
Preliminary analyses
Individual differences in weight
Twin intraclass correlations for weight corrected for height suggest substantial heritability and moderate shared environmental in¯uence for both boys and girls (see Figure 3) . Slightly greater genetic in¯uence and slightly less shared environmental in¯uence are suggested for boys than for girls. The correlation for opposite-sex DZ twins is only slightly lower than the correlation for same-sex DZ twins, indicating that sex-speci®c effects are modest. Results were highly similar for BMI.
Results gleaned from these twin correlations were con®rmed using maximum-likelihood model-®tting analyses of variance-covariance matrices using the statistical software package MX. 16 The model ®tted the data well (w 2 1.59, d.f. 6, NS). Heritability estimates (with 95% con®dence intervals) were 0.64 (0.51 ± 0.80) for boys and 0.61 (0.48 ± 0.76) for girls. Estimates of shared environmental in¯uence were 0.24 (0.08 ± 0.38) for boys and 0.25 (0.09 ± 0.37) for girls. The overlapping 95% con®dence intervals for the parameter estimates for boys and girls indicate that sex differences are not signi®cant. Figure 2 DF extremes analysis. 6, 7 This diagram shows hypothetical distributions for weight of an unselected sample of twins and of the identical (MZ) and fraternal (DZ) co-twins of probands who are overweight. The mean weight of the proband is P. The differential regression of both the MZ and the DZ co-twin means (C MZ and C MZ ) toward the mean of the unselected population (m) provides a test of genetic in¯uence. That is to the extent that being overweight in probands is heritable, the quantitative weight measures of MZ cotwins will be more similar to that of the probands than will the weights of the DZ cotwins. In other words, the mean weight of MZ cotwins will regress less far back toward the population mean than will that of DZ co-twins (adapted from Plomin et al 2001). 
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Differences between overweight and normal weight children Children were selected from the top 5% of the distribution of weight corrected for height. Twin probandwise concordances ( AE s.e.) were 0.85 ( AE 0.04) for MZ twins (41 pairs) and 0.56 ( AE 0.06) for same-sex DZ twins (53 pairs). Probandwise concordance rates were obtained separately for MZ and DZ twins by doubling the number of concordant pairs and dividing it by twice the number of concordant pairs plus the number of discordant pairs. This pattern of twin concordances suggests substantial genetic in¯uence and moderate in¯uence of shared family environment for overweight de®ned dichotomously. DF extremes model-®tting analysis, which capitalises on the quantitative weight data for co-twins of overweight probands, yielded an estimate of 0.59 ( AE 0.14) for`group heritability'. That is, more than half of the average weight difference between the overweight probands and the population is due to genetic factors. This ®nding implies that genetic factors responsible for overweight overlap substantially with genetic factors responsible for normal variation in Figure 3 Monozygotic (MZ) and dizygotic (DZ) twin intraclass correlations for weight corrected for height. Results for body mass index are highly similar but weight corrected for height guarantees that the analysis of weight is independent of variance due to height. Figure 4 Genetic model-®tting results for weight and overweight (top 5% of weight corrected for height).
Weight and overweight in 4-y-old twins G Koeppen-Schomerus et al weight as assessed by the quantitative trait measure of weight corrected for height. The`group' shared environment estimate is 0.26 ( AE 0.15). The estimates of genetic and environmental components of variance for weight and overweight are remarkably similar (see Figure 4) .
Discussion
These results based on the present data on weight and overweight in children support the QTL theory that weight is distributed quantitatively as a dimension and that overweight is the quantitative extreme of the same distribution rather than representing an aetiologically distinct disorder. Although several single-gene disorders such as Prader ± Willi include obesity as one of several pleiotropic symptoms, these are rare mutations that have little effect on the population distribution of weight. 17 The QTL perspective has implications for design and analysis of molecular genetic studies because, if multiple genes affect weight and overweight, each gene is likely to be of small effect size. For this reason, molecular genetic designs are needed that have the power to detect QTLs of small effect size. The de®nitive test of the QTL hypothesis will come when genes are identi®ed that are associated with obesity. The QTL prediction is that genes associated with overweight will also be associated with variation in weight throughout the normal distribution.
A broader implication of a QTL perspective is that there may be no unique mechanisms for obesity if the genetic and environmental mechanisms responsible for overweight are also responsible for the normal range of variation in weight. For example, in studying the developmental pathways by which vulnerable genotypes become obese phenotypes, it is unlikely that any single genetic mechanism causes obesity. It is more likely that genetic variation in multiple pathways from genes to behaviour make small probabilistic contributions to the likelihood of obesity, although any single QTL could provide a discrete window through which to view one of these mechanisms as it interacts with other processes. Another implication of the genetic link between weight and overweight is that treatments for obesity may also be effective in reducing weight in the normal range and vice versa. This may be important from a public health perspective. Rather than aiming for dramatic and expensive interventions that cure obese individuals, inexpensive interventions that have only a small effect on many individuals can nonetheless greatly reduce population-wide ®nancial burden, health risks and impact on quality of life associated with the obesity epidemic. 18 Targeting interventions for children at genetic risk before they become obese and incur medical and social collateral damage may be the most important reason for identifying QTLs for weight and overweight. 8 ± 10 The most far-reaching implication of a QTL perspective is conceptual. A common mistake is to think that all people are the same genetically except for a few rogue mutations that lead to disorders such as obesity. In contrast, the QTL perspective suggests that genetic variation is normal and pandemic. Many genes affect most complex traits and, together with environmental variation, these QTLs are responsible for normal variation as well as for the abnormal extremes of these quantitative traits. In this way, a QTL perspective blurs the aetiological boundaries between the normal and the abnormal. In other words, we all have many alleles that contribute to overweight but some of us are unlucky in the hand that we draw at conception from our parents' genetic decks of cards.
In the present study, heritability estimates were similar for boys and girls and little evidence for sex-speci®c genetic effects emerged. Although some twin studies have reported different genetic estimates for men and women, 19 ± 21 the reported differences are neither large nor consistent. It should be emphasized that ®nding genetic in¯uence on weight and overweight does not mean that the environment is unimportant. Similar to results for adults, our results for 4-y-olds point to substantial environmental in¯uence. Unlike results for adults, our results indicate that most environmental variance is shared by siblings growing up in the same family for both weight and overweight. Such shared family environmental factors might include diet, eating habits and lifestyles. Putting the results for children together with other results for adults suggests that although environment has important effect on weight and overweight in childhood, in the long run environmental in¯uences are non-shared. Environmental in¯uences are also responsible for the dramatic rise in weight and overweight during the past few decades as countries shift from dietary de®cit to dietary excess. 18 This secular increase cannot be explained by genetic factors.
Limitations of the study include general limitations of the twin method, the use of parent-reported weight, and the use of the ®fth percentile as a criterion for the overweight group. Although the twin method has recently been robustly defended as`the perfect natural experiment,' the method is not without problems. Some problems are conservative from a genetic perspective in that, if true, they make MZ twins less similar than they would otherwise have been, thus lowering estimates of heritability. For example, it has been alleged that the atypical gestation of MZ twins causes increased rates of disorder, 22 although other studies indicate that this is not the case. 23 Other problems could go in either direction, such as the fact that two-thirds of MZ twins are monochorionic which can lead to shared infection, shared vasculature and other anomalies of sharing a crowded chorion. Some problems might in¯ate heritability estimates, most notably, the possibility that MZ twins share more similar postnatal environments than DZ twins, although it appears that this is not usually the cause of their greater phenotypic similarity but rather the consequence of their genetic identity.
Concerning the use of parent reports of children's weight and height, we visited a subsample of 428 children (members of 214 twin pairs) in their home at 4 y of age and measured Weight and overweight in 4-y-old twins G Koeppen-Schomerus et al the children's weight and height. The correlation between parent-reported weight and the children's measured weight was 0.77. Other studies have also shown that parent reports of their young children's weight are reasonably valid. 24 The use of parent reports made it impossible to assess body fat distribution such as subscapularatriceps ratio. However, multivariate genetic research suggests that genetic in¯uences on body fat distribution are substantially independent of genetic in¯uences on overall obesity both in children 25 and adults. 26 Another limitation is our use of the ®fth percentile as a criterion for the overweight group. Results might differ for more highly obese individuals. Despite our large sample of twins, it was not possible to select a sample more extreme than the top 5% while maintaining adequate power to detect genetic and environmental parameters. Selecting the top 5% of the distribution is reasonable because the prevalence of obesity is approximately twice as high in children 27 and three or four times higher in adults. 28, 29 Furthermore, there are no agreed criteria for diagnosing obesity in children. 30 In conclusion, overweight, not just normal variation in weight, is highly heritable in 4-y-olds. Moreover, the heritabilities of weight and overweight are similar and DF extremes analysis suggests that weight and overweight are linked genetically. In other words, overweight appears to be merely the quantitative extreme of the genetic factors responsible for normal variation in weight as assumed by QTL theory.
